Typically, alumina nanowires (NWs) are synthesized via physical evaporation, templated anodized aluminum oxide (AAO), or the vapor-liquid-solid (VLS) process [1,2,3]. All of these techniques have been shown to demonstrate successful growth of alumina NWs; however, in the cases where a facile method resulting in vertically aligned NWs is desired, many of these methods are difficult to integrate into a fabrication process. Physical evaporation results in randomly aligned NWs and requires high temperatures therefore mitigating the possibility to use amorphous alumina and γ-alumina, among other low-temperature crystalline phase transitions [1]. And with the VLS process, expensive catalysts such as gold and germanium are used and the resulting alumina NWs exhibit a hierarchical organization with groups of many NWs growing from a single catalyst particle [2]. Lastly, templated AAO is a method that can provide vertically aligned NWs with high yield, however, in practice etching methods for creating structures with a high degree of physical dimension control is difficult to optimize [3]. Here, we present a method for creation of vertically aligned alumina NWs using vertically aligned carbon nanotubes (CNTs) as a template during atomic layer deposition (ALD). Post deposition, the deposited alumina can undergo crystalline phase changes via thermal processing within an oxygen-rich environment.
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CNTs were grown by first depositing 3.5 nm of nickel (Ni) catalyst via magnetron sputtering onto a silicon wafer with 100 nm of SiO 2 thermal oxide. Next, the wafers with the thin film of Ni were placed into a plasma enhanced chemical vapor deposition (PECVD) chamber and rapidly heated to 800 °C within a reducing environment provided by a 200 sccm flow of NH 3 Once at the desired growth temperature, 50 sccm of C 2 H 2 was delivered into the chamber until the growth process was terminated. For ALD deposition of amorphous alumina, the as-grown CNTs ( Figure 1a ) were placed into a flowthrough hot-wall ALD reactor (Arradiance Gemstar) and maintained at 175 °C during 191 cycles of 500 ms pulses of trimethylaluminum (TMA) and H 2 O separated by 40 s nitrogen purges for an ultimate thickness of 25 nm. Both phases, γ and α, of alumina were achieved by thermal annealing in a tube furnace at 10 mTorr with 20 sccm of O 2 at 950 °C and 1200 °C, respectively. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images were acquired with an FEI Sirion FESEM and an FEI Tecnai F20 TEM, respectively. Electron diffraction images were attained with the FEI Tecnai F20 TEM and selected area aperture (SAE).
Our results demonstrate the growth of vertically aligned amorphous, γ-phase, and α-phase alumina NWs (Fig. 2a, 2b, and 2c) . Amorphous alumina NWs exhibit a rough surface and sharp tips (Figure 2d ) while the first thermal annealing process caused the surfaces to become smoother and transition to γ-phase alumina as revealed through electron diffraction (Figure 2e ). Upon the final annealing at 1200 °C, the γ-phase alumina NWs transitioned to α-phase as indicated by electron diffraction (Figure 2f ). After the initial annealing of the amorphous alumina NWs within an O 2 environment at 950 °C, the CNTs reacted with the O 2 and degrade their covalent bonds as the temperature had exceeded 400 °C leaving hollow alumina NWs with a maintained vertical alignment. 
